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Penciclovir inhibited the productive replication cycle of Epstein-Barr virus (EBV) in assays measuring 
infectious virus production, viral antigen expression, and viral DNA synthesis. In the test measuring inhibition 
of EBV DNA synthesis, 50% effective concentrations of penciclovir and acyclovir were 2.3 ± 0.8 and 2.2 ± 0.6 
(ig/ml, respectively. The 50% cell growth inhibitory concentration of penciclovir was >100 p-g/ml for both 
P 3 HR-1 and Raji cells. Penciclovir is a selective inhibitor of EBV in cell culture. 



Penciclovir [9-(4-hydroxy-3-hydroxymethylbut-l-yl)guanine 
(BRL 39123)] is a selective inhibitor of herpes simplex virus 
(HSV) and varicella-zoster virus in cell culture (6. 7). In addi- 
tion, penciclovir has antiviral activity in several animal models 
(5), as does famciclovir (30), the oral prodrug of penciclovir. 
Famciclovir has recently been approved for the treatment of 
herpes zoster in immunocompetent patients, and its use is also 
being evaluated for patients with HSV infections. Penciclovir is 
phosphorylated selectively by the HSV and varicella-zoster 
virus thymidine kinases, and the resulting monophosphate is 
phosphorylated by cellular kinases to penciclovir-triphosphate, 
which inhibits viral DNA polymerase (3, 13, 33). Acyclovir 
inhibits Epstein-Barr virus (EBV) DNA replication (10, 11, 19) 
and was compared in this study with penciclovir, which has 
been reported to reduce the expression of the virus capsid 
antigen of EBV (6). This work confirms and extends the ob- 
servation that penciclovir inhibits the productive replication 
cycle of EBV in cell culture. 

Compounds and cell lines. Stock solutions of penciclovir and 
acyclovir for antiviral assays were prepared at 10 mg/ml in 
dimethyl sulfoxide and stored at -20°C. For cytotoxicity as- 
says, compounds were dissolved at 1 mg/ml in growth medium 
alone and filter sterilized (0.2-|xm-pore-size filters) prior to 
use. 

Ramos (human B-lymphocyte origin; EBV negative) (18), 
Raji (human B-lymphocyte origin; latently infected with EBV) 
(26), P 3 HR-1 (human B-lymphocyte origin; productively in- 
fected with an EBV deletion mutant) (16), and B95-8 cells 
(marmoset B-lymphocyte origin; productively infected with an 
EBV strain which immortalizes human B lymphocytes) (23) 
were cultured in growth medium (RPMI 1640 buffered with 25 
mM HEPES [A r -2-hydroxyethylpiperazine-A r -2-ethanesulfon- 
ic acid], supplemented with 10% fetal calf serum, penicillin [50 
IU/ml], and streptomycin [50 p-g/ml]) at 37°C. The initial seed- 
ing rate was 2 X 10 s cells per ml. Cell lines were provided by 
D. H. Crawford, London School of Hygiene and Tropical Med- 
icine, London, United Kingdom. 

Virus yield reduction assay. B95-8 cells were seeded onto 
24-well plates at 1 ml per well and treated with penciclovir or 
acyclovir at 1 and 10 ^g/ml for 7 days (n = 4). Cells were 
removed from pooled virus-containing supernatants by centrif- 
ugation at 100 X g for 20 min and filtration (0.45 u,m-pore-size 
filters). These samples were stored at -70°C. Infectivity titers 
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were determined by immortalization assays with peripheral 
blood mononuclear cells from volunteers who were seronega- 
tive for EBV, as assessed by the absence of antibodies to the 
viral capsid antigen (15). Mononuclear cells were separated on 
Ficoll-Paque gradients (Pharmacia Biotech, St Albans, United 
Kingdom), washed, and then exposed to 10-fold dilutions of 
test samples for 90 min at 37°C (0.1 ml of virus per 2 x 10 6 
cells). Cells were washed again and plated out onto 96-well 
microtiter plates at 200 ui per well (n =5). Cultures were refed 
at weekly intervals and scored for microscopic evidence of 
proliferation of immortalized lymphoblastoid cells between 4 
and 5 weeks after infection. At 1 |xg/ml, both compounds were 
inactive, but at 10 ^g/ml, the virus yield relative to that of the 
untreated virus control was reduced by 94 and 86% by penci- 
clovir and acyclovir, respectively (results not shown). From 
these data, the estimated 50% effective concentration (EC 50 ) 
was 3 to 4 fj.g/ml for each compound. 

Antigen expression assay. The effects of penciclovir and 
acyclovir on EBV antigen expression were measured by an in- 
direct enzyme-linked immunosorbent assay (ELISA). P 3 HR-1 
and Raji cells were grown on microtiter plates with penciclovir 
or acyclovir for 5 days (n = 3). Ramos cells were cultured in 
parallel in the absence of these compounds to serve as an 
EBV-negative control. Plates were centrifuged at 170 X g for 
10 min, supernatants were removed, and cells were incubated 
for 1 h at 37°C in 50 (jlI of 1% Triton X-100 in phosphate- 
buffered saline per well. Solubilized antigen extracts were 
transferred to Immulon II plates (Dynatech Laboratories, Bill- 
ingshurst, United Kingdom) and adsorbed overnight at 4°C. 
Viral antigens bound to plates were measured by an ELISA 
based on a method described elsewhere (27), with serum from 
a donor who was seropositive for EBV and with peroxidase- 
conjugated goat anti-human immunoglobulin G serum (Sigma 
Chemical Co., Ltd., Poole, United Kingdom). A iSO s were read 
(Dynatech Mini Reader II). Extracts from Ramos control cul- 
tures were used to set the baseline absorbance, and test data 
were plotted as absorbance versus log K , compound concentra- 
tion. The EC S0 was calculated from the point at which the 
dose-response curve intersected the line representing 50% 
EBV antigen expression, which was calculated as the midpoint 
between the absorbance for extracts from untreated P 3 HR-1 
cells and that for extracts from untreated Raji cells.- By using 
the latter value in the calculation, any contribution to the 
measured absorbances of test samples from the expression of 
the EBV nuclear antigen by latently infected cells was taken 
into account. 

In a preliminary experiment, it was shown that the ELISA 
was specific for EBV because serum from an EBV-seropositive 
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donor showed 11-fold greater reactivity against P 3 HR-1 cell 
extracts than did serum from a seronegative donor, with both 
sera diluted 1:1,000. These two compounds had similar activ- 
ities in P3HR-I cells and reduced antigen expression signifi- 
cantly at 3 jxg/ml, compared with that of the untreated control 
(P < 0.05; t test). Presumably because only a small proportion 
of P3HR-I cells were productively infected at any particular 
time, the dose-response curves for these two compounds fell 
within a narrow range of absorbance readings. The EC 50 s of 
penciclovir and acyclovir were between 1 and 3 u-g/ml. Al- 
though a difference between penciclovir and acyclovir was ob- 
served at lower concentrations (1.0 to 0.1 ixg/ml), with acyclo- 
vir-treated cultures appearing to express more EBV antigen 
than did control untreated cultures, this was not considered to 
be biologically significant. It was recently reported that acyclo- 
vir was more active than penciclovir against EBV in an ELISA 
measuring the late viral protein gp350, although no informa- 
tion was supplied on the cell culture system used or the treat- 
ment period (20). The mean 50% inhibitory concentrations 
were 5 u.M (1.1 ixg/ml) and 30 u.M (7.6 p-g/ml), respectively. 
These observations are contrary to our own data, which show 
that EBV is equally susceptible to both compounds by several 
different assays. 

Infection of B lymphocytes by EBV usually results in latency. 
Transcription of the EBV genome is limited, cellular DNA 
polymerase replicates the virus genome, and the number of 
copies of the EBV genome per cell remains constant (17). As 
expected from earlier studies of acyclovir (10, 19), penciclovir 
did not affect established latent EBV infection, since the level 
of EBV antigen expression in Raji cells treated for 5 days with 
penciclovir at 10 jxg'ml remained unchanged (results not 
shown). 

EBV DNA inhibition assay. P 3 HR-1 cells were treated with 
penciclovir or acyclovir, as described above for the viral anti- 
gen inhibition assay. Untreated Ramos cells were also included 
in this test. After 5 days, cell suspensions were transferred onto 
Biotrace filters (Gelman Sciences, Northampton, United King- 
dom) by using a Hybridot manifold (Life Technologies Ltd.). 
Filters were air dried, DNA was denatured, and EBV DNA 
levels were quantitated by hybridization with a 32 P-labelled 
EBV-specific DNA probe as described previously (14, 34). The 
EBV probe consisted of the BamG fragment of the EBV 
genome cloned into pBR322 (2), kindly provided by B. E. 
Griffin (Royal Postgraduate Medical School, Hammersmith, 
London, United Kingdom). In a preliminary experiment, it was 
shown that the DNA probe was present in excess during the 
hybridization reaction. To compare the relative activities of 
penciclovir and acyclovir, the EC 50 for inhibition of EBV DNA 
synthesis, relative to that of the untreated virus control, was 
determined from graphs of DNA probe bound (expressed in 
counts per minute) plotted against log 10 compound concentra- 
tion. Treatment of EBV-inf ected cells with acyclovir eliminates 
the linear forms of EBV DNA associated with productive in- 
fection but does not affect the covalently closed circular DNA 
associated with latent infection (10, 11). However, the Ramos 
cell line, which is not infected with EBV, gave an acceptable 
background in the hybridization assay and was therefore used 
as a negative control to calculate the 50% endpoint. 

The hybridization assay was specific for EBV DNA since the 
probe did not bind readily to DNA prepared from Ramos cells 
(EBV negative), whereas there was strong binding to DNA 
from untreated P 3 HR-1 cells (Fig. 1). Penciclovir and acyclovir 
were almost equally active in this EBV DNA inhibition assay, 
with EC 5() s of 1.5 and 1.6 u-g/ml, respectively, following treat- 
ment of P3HR-I cells for 5 days (Fig. 1). This test was repeated 
for three subsequent experiments, giving an overall mean EC 50 
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FIG. 1. Inhibition of EBV DNA synthesis m P 3 HR-1 cells by penciclovir (•) 
and acyclovir (O). Cells were seeded at 2 X 10 5 /ml and grown for 5 days with 
these test compounds Parallel cultures of P 3 HR-1 and Ramos cells were grown 
in the absence of compounds to serve as positive (A) and negative controls (A), 
respectively. EBV DNA levels were determined by DNA hybridization with a 
radiolabeled DNA probe specific for EBV. Means of triplicate observations with 
standard deviations are shown. 



(± standard deviation) of 2.3 (±0.8) |xg/ml for penciclovir and 
of 2.2 (±0.6) u.g/ml for acyclovir. Colby et al. (10) calculated an 
EC 50 of 6 p.M (1.4 |ig/ml) for acyclovir against EBV DNA 
synthesis in P 3 HR-1 cells, although a value of 0.3 \jM (0.07 
ixg/ml) was reported by Lin et al. (19) after treatment of 
P 3 HR-1 cells for 14 days with acyclovir. Both the duration of 
treatment employed in the latter instance and the baseline set 
for the DNA hybridization assay (19) would cause a reduction 
in the EC 50 , relative to the figure reported by Colby et al. (10). 

Cytotoxicity assays. Raji and P 3 HR-1 cells were treated with 
the test compounds at 100 and 10 ixg/ml (n = 3) for up to 5 
days at 37°C. At daily intervals, cell suspensions were disag- 
gregated by repetitive pipetting and cells were counted 
(Coulter Electronics, Harpenden, United Kingdom). Although 
P 3 HR-1 cells were more sensitive to both penciclovir and acy- 
clovir than Raji cells (Fig. 2), the 50% inhibitory concentration 
for either compound on day 5 was >100 u.g/ml. There was 
some indication that penciclovir was more inhibitory for Raji 
cells than acyclovir was at 10 and 100 jxg/ml, but the 50% 
inhibitory concentrations for both compounds were >100 p.g/ 
ml. In view of the wide therapeutic ratios for penciclovir and 
acyclovir, it is clear that both compounds are selective inhibi- 
tors of EBV. 

The activity of penciclovir against productive EBV replica- 
tion was compared with that of acyclovir in three different test 
systems, all of which are limited by the fact that only a minority 
of cells in the cultures are lytically infected. Nonetheless, pen- 
ciclovir and acyclovir were shown to be potent inhibitors of 
infectious virus production, viral antigen expression, and viral 
DNA synthesis. 

Mode of action studies are required to explain the activity of 
penciclovir against the productive replication cycle of EBV. 
With acyclovir, there is some uncertainty about the mode of 
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FIG. 2. Effects of penciclovir and ac\< 
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cell densities of cultures are plotted aga 
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•/ml; O, acyclovir, 10 (ig/ml; A., control. 



action. Although EBV encodes a thymidine kinase (21, 22), 
acyclovir is a very poor substrate for this enzyme (21, 31). 
Intracellular levels of acyclovir-triphosphate in EBV-infected 
cultures are low (9), but since only a small minority of cells 
within test cultures would have been productively infected, this 
is expected. Because acyclovir-triphosphate is a highly potent 
inhibitor of EBV DNA polymerase (8, 11), even if the extent of 
phosphorylation within infected cells is limited, sufficient acy- 
clovir-triphosphate may be produced to inhibit the viral DNA 
polymerase. Penciclovir-triphosphate is between 10- and 20- 
fold more stable than acyclovir-triphosphate is within cells 
infected with HSV (13, 34); consequently, penciclovir causes 
more prolonged inhibition of HSV replication than does acy- 
clovir (4). Whether this difference in intracellular stability also 
applies to cells which are infected with EBV is unknown. Lin et 
al. (19) reported that unlike acyclovir, ganciclovir [9-(l,3-dihy- 
droxy-2-propoxymethyl)guanine] showed prolonged activity 
against EBV. Ganciclovir-triphosphate may have a longer half- 
life than that of acyclovir-triphosphate within EBV-infected 
cells, as has been shown for HSV (29). 

Acyclovir has been used to treat patients with acute EBV- 
associated infectious mononucleosis. Intravenous acyclovir was 
shown to reduce oropharyngeal replication during the treat- 
ment period, although there was no clear evidence of symp- 
tomatic benefit (1, 24). By contrast, oral acyclovir (600 mg five 
times daily for 10 days) had only marginal effects on the sup- 
pression of EBV excretion in the oropharynx and no clinical 
benefit (32). However, the oral absorption of acyclovir is low 
(10 to 20%) and variable (12). Nonetheless, acyclovir given 
orally resulted in regression of EBV-associated oral hairy cell 
leukoplakia in a group of patients infected with human immu- 
nodeficiency virus, although recurrences occurred after cessa- 
tion of treatment (28). An oral form of penciclovir, famciclovir, 
which gives high (77%) and consistent bioavailability of pen- 
ciclovir has been developed (25). Clinical studies to evaluate 
the efficacy of famciclovir for the treatment of patients with 
either infectious mononucleosis or hairy cell leukoplakia are 
warranted by the selective inhibition of EBV by penciclovir 
demonstrated in cell culture. 
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The activity of ?-(4-hyar<Jxy-3-hy<lroxymctliy!but-l-.vl)ftuaninc (URL 39123) against several herpesviruses " 
was compared with that of acyclovir (ACV). In plaque reduction tests with clinical isolates of-herpVr simplex 
vims type I (HSV-1); herpes simplex virus type 2 (HSV-2), and varicella-zoster virus, mean 50% inhibitory 
concentrations (IC;„s) (w = number tested} for BRL 39123 were 0.4 (// =17), 1.5 {n = 13), and 3.1 (it = 5) 
W!/ml, Respectively. Corresponding IC 5( ,s for ACV were 0.2, 0.6. and* 3.8 ng/rril. C> tomegalovirus was 
relatively resistant to BRL 39123 <IC 5( >, 51 ,xg/ml}, but eqt.id herpesvirus 1, bovid herpesvirus 2, and felid 
"'" 1 re susceptible <IC 5(1 s, 1.6, 1.2, and 0.9 p.g/ml, respectively). BRL 39123 was inacthe against 
which does not express thymidine kinase activity, but a DNA polymerase mutant selected for • 
: ,V was s ensitiye_to_BRL 39123 (IC 5( „ 1.5 ulg/ml). In contrast to the results from plaque— 
T«10Tfroif tests, BRI; 39123 was more active than ACV against HSV-f and of equal activity against HSV-2 in 
virift yield reduction assays in MRC-S cells. AHer treatment of IlSV-infected cultures Tor short periods, BRL 
=3/123 was considerably more effective than ACV at reducing virus replication, and furthermore, after remotal 
or extracellular BRL 39123, virus replication remained depressed for long periods, whereas such r 
activity was" not observed with ACV.- Neither compound significantly affected MRC-> cell r 
Hg/ml, but at 30(|,u.g/ml BRL 39123. was more inhibilorv/Jhan ACV. 
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. Uf Since the discovery of acyclovir (ACV)'and its introduc- 
Ljibn as an effective treatment for herpes simplex virus types 
:|*and 2 (HSV-1 and HSV-2) and varicella-zoster virus ( V/V) 
• infections in humans, si-vend laboratories have been search- 
lor acyclic piirine~miclcosides with improved properties. 
=HCV is a highly selective antiviral-agent which is activated 
-by the virus-induced thymidine kinase and inhibits suscep- 
Hiblc viruses at concentrations which do not ailed cell 
implication (9). Several, other guanine derivatives have been 
idescribed and evaluated as inhibitors of herpesviruses in cell 
jcylturc and in animal infections (l.'H). 13.' 14, 22-24). Many 

-;#blications show that 9-( 1 .3-dihydroxy-2-propoxymelh- 
; #f)giKtninc (DHPG) is beneficial in thcMreatment of severe 
ptomegaloviru.s (CMV) infections in humans, but because. ' 

. or adverse toxicity its use in less serious infections may be 
limited -(20). 

Pandit et al.. (IX) first claimed to have synthesized 9-(4- ~ 
hydro.xv-3-hydroxymethylbut-l-yl)guanine. but the com-- 
nound\\vas not fu]ly_characteri/.ed aiul -(^biological proper- 
-ttes -were given. The synthesis and isolation of pure com- 
pound have since been reported by Harnden and Jarvest 
(12). who found that the experimental conditions originafly ' 
described provided a mixture of products. 

In the present paper, the activity of 9-(4-hvdrox v.- V 
.hydroxymethylhut-1-yDguanine (BRI/3912V. Fjg. j) is com- 
pared with that of ACV in phujue reduction assays .auainst 
veterinary and human herpesvirus isolates, including recent 
...clinical isolates of IISV and VZV and also two ACV- 
res.stant strains of HSV-1 , BRL 3V123 and ACV have also 
been evaluated for their inhibitory 'effects on virus rcplic-V 
tion-m virus yield reduction assavs. The data in this report 
extend the observations made independently by l.arsson et 
jil. H5). MacCoss et al. (16). and Tippie efal.' (24) on the ' 
biological activity of 9:(4-hydmxv-3-hvdm\ymelhv!bui-l- 
yDgtianine, the compound we have called URL V)]2\. 



MATERIALS AND METHODS 

Compounds. The -guanine derivatives BRL 39123 (12) and ' 
ACV (19) were prepared within the chemical laboratories of'. 
Beeeham Pharmaceuticals. Compounds wcre'dissolved at 10 
mg/mf in dimethyl sulfoxide and stored at -2()°C- prior to 
dilution in cell culture medium. 

Cell cultures. E-BTr. RK-13. and J/efo cells (Elow Labo- 
ratories Ltd.. Irvine. Scotland) were grown in Eagle m.inimal 
essential medium (MEM) with WA newborn call"\erum 
(NCS). BHK-21 cells (Elow) were grown in Glasgow- MEM 
containing 10% NCS and U) r A trypto'se phosphate bioth. 
MRC-5 cells (National Institute for Biological Standards and 
Control. Holly Hill. London. United Kingdom) and'MDBK 
cells (Central Veterinary Laboratories, We v bridge. United 
Kingdom) were grown in E.agfe MEM with lO';; fetal calf 
serum (ECS). EEA cells (feline embryonic type A cells: 
provided by D. A. Harbour. Universit y_of_Bnstol) were — 
grown in Glasgow- MEM cotiurmtngToTT" tivptose phosphate 
broth and y/, I : CS. All media and sera were purchased from 
Gibc'o Ltd.. Paisley. Scotland. BHK-21. MRC-5. and Vero 
cells, which were used extensively in this work, were 
cultured in the absence of antibiotics and^yere free from' 

. Viruses! Stocks of HSV-1 and HSV-: strains and also 
bovid herpesvirus type 2 (BHV-2: bovine mammillitis)". 
strain New York 1: were prepaied in B! I K-21 cells. HHV-1. 
strain. Oxford 1964 (Tiifectioiis rhinolracheitis). eq'ukl herpes- 
yirus type 1 (EHV-1). strain Cuiai Hais-(eqtiine rhinopneu- 
monujs). and felid herpesvirus type 1 (EHV-'l). slniin B927 
(feline rhinolracheitis). were grown in MDBK. RK-13. and • 
I-'EA- cells, respectively. Stocks of CMV and V/.V were 
prepared in MKC-5 cells. HSV-1 strain CI(H)l) and its 
ACV-resistant variants were supplied by H. .1. Eield (Uni- 
versity of Cambridge. Cambridge. United Kingdom) (11). 

Plaque reduction assays. Continent cell monolayers in 
24-wcll multidishes (well diameter. 1.5 cm: Gibco. Paisley. 
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TAHU-: .1. Acliviiy of B'RL 39123 and ACV against dilTcrent 
. herpesviruses measured hy Ihe plaque reduction assay 



BRL 39123 , \ • Acyclovir 

FIG. 1. Structures of URL 34123 and ACV. 



Scotland) were infected with about 50 PFU of virus in 100 jjlI 
of phosphate-buffered saline (PBS). After adsorption at 
room temperature for 1 h._ residua) inoculum was replaced 
with 0.5 ml of" medium containing VA NCS and {).9 r A agarose 
■ (Indubiose A37: Uniscicnce Ltd.. London'. United King- 
dom). Heiit-inactivatcd- PCS was used instead* of NCS in 
ply que assays with VZV and CMV. Once the agarose had ' 
set. dilutions of the test compounds, which had been pre- 
pared irr^medium containing 5'A NCS or FCS as appropriate, 
.were added, each well receiving 0.5 ml of liquid overlay. The 
final concentrations of drugs achieved were 100. 30. 10. '3. 1. 
0.3. 0.1. and 0.03 |xg/ml. Infected cultures were incubated at 
37°C in a humidified atmosphere of 5 r A CO : -95'/ air until 
njuiques were" clearly visible. In CMV plaque reduction 
kjfsays. which were incubated for about 9 days, each well 
•yUbtained 1 ml of agarose and 1 ml of liquid overlay. Cell 
monolayers were fixed in formol 'saline and stained with 
csij-bol fuchsin. and plaques werecounted with the aid of a 
s|f reomie'rdscope. By reference to the number of plaques 
observed in virus control monolayers (untreated cultures), 
(fie concentration of lest compound which inhibited plaque 
rgfmbers by 5iVA (1C\ () ) was calculated. 

yiVirtis yield reduction assays. Monolayers of MRC-5 cells 
prepared in microliter plates (Nunc) were infected with , 
fiSV-l_ or HSV-2 diluted in PBS. 50 t J per- well. Afmr ^ 
absorption for 1 h at room temperature, residual inoculum 
vVYis removed and cell monolayers were washed twice wilh 
IflfS. Test compounds which had been di I tried i 
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iridium (Eagle MEM plus >'A NCS) were added to give 0/2 
rfiljper well.- Plates, were incubated at 37"C. and- at various 
tifrjes after infectiorr supernatants were collected, clarified— 
by" centrifugation (Eppendorf microcenti ifugcf "2~~min at 
12,000 rpnU.and siorcd a("-7(rc. In 'experiments in which 
infected cell cultures were treated with BRL 39123 % and ACV 
for various times and subsequently reinetibated in drug-free 
medium', cultures were washed twice with PBS before fresh 
. medium was added. All experiments were performed in 
triplicate. Supernatants from replicate cultures were titrated 
individually on Vero cells, and the geometric mean inl'ectiy- 
ity titer was calculated. 

/In one series of experiments, several strains of HSV-1 and 
HSV-2 -were tested for susceptibility to BRL 39 113 and 
ACV./I'be compounds were added 1 h after infection, and 
the yield of virus 24 h after infection was measured. By 
reference to the, amount of virus produced by virus control 
monolayers (untreated cultures), the concentralion of com- 
pound required to inhibit Ihe virus' control vield bv W-? 
(IC,,,,). was calculated. 

Cytotoxicity assay, [{(feels on cell proliferation were stud- 
ied by the addition of compounds in Ihe ubsenceof dimethvl 
sulfoxide to actively replicating MRC-5 cells. Cell numbers 
were measured after incubation for 72 h in a Coulter counter 
(Coulter Electronics, Itarpenden. United Kingdom). - 
Statistical analysis. T he analysis of vaiiance was used lo 



compare 'lC<„s for clinical isolates of HSV-1. HSV-2. and 
VZV-'und also to compare lC„s- derived from virus yield 
reduction assays. Differences between BRL 39123 and ACV 
in cy^toloxicity.-assays were evaluated by Student's ; test. A 
value of / r < 0,05 was considered statistically signincaaL 

■ ' ■ f RESULTS * » 

Spectrum of activity. Several laboratory strains of - 
herpes viruscv 1 were. Jested for susceptibility to BRL 39123 
and ACV by the .plaque, reduction assay (fable 1). BRL' 

. 39123 was up.'to twofold less active than ACV 'Against HSy-=k 
and HSV-2 hut slightly.more active trfan AC"V against VZV. 

"Both compounds showed minimal activity against CMV. 
Epstein-Barr virus (EBV) was susceptible to BRL 39123 and 
ACV in a lest which measured the inhibition of virus capsid 
antigen expression, activity being observed at 10 jj.g/rhl (data 
not shown). Greater differences between he two compounds 
were observed nm'oim veterinary herpesviruses (Table 1). 
BRL 39123 was active at about 1 u.g/ml against BHV-'2 and 
EHjV-1. while the'lC™ of ACV for both viruses exceeded H) . 
jAglnl.. BRL 39123 was slightly more active than, ACV 
against HU V-l . lair' both compounds wercj inactive against 

Clinical isolates of HSV-1. HSV-2. and VZV were screened - 
for susceptibility to BRL 39123 and ACV by the plaque « 
. reduction assay- (T able "2). These viruses have undergone 
"limited passage in vitro since isolation. By this method. BRL. 
39123 was significantly less active than ACV against HSV-1 
(/' = (1.021 and HSV-2 (/'< 0.0!) and was of equal activity 
against VZV. HSV-1 was siunific-anilv more susccpiibk to 
BRL 39123 than HSV-2 </' < 0.01). and HSV-2 was more 
susceptible than VZV (/' < 0.01). 

While both BRL 39123 and ACV showed limited activity 
against an HSV-5 strain which did nol svnthesi/e viral ' 
thymidine kinase. CKIODTK . BRL 39123 .was active 



TABLE 



^•livn.v of BRL 3912' and. ACV against clinical 
f HSV-1. HSV-2. and V/.V m MRC-.s cells 
asiited hy'llie plaque rediierion-.-iss.iv 
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against' it DNA polymerase rrfutant, CKlOlfPiC^. which was/ r 
resistant to ACV (Table 3). ' ' . ' . • 

N ' Effects on HSV replication. BRL'39123 and ACV inhibited 
'\j.he replication of HSV-1 .and HSV-2 in the virus yield," 

reduction assay in MR05 cellsuthe extent of inhibition was 
• , related to the concentration of compound (Fig. 2). The IC w s 
-(concentrations required' to reduce the. yield of infectious 
•virys obtained 24,h after infection by 99'/_relativc to control • 
■ culture's)- derived from the data in Fig. 2' were 0.4 and 1.0 ' 
u.g/rril for ..BRL '39123 "and -ACV, respectively.', against 
. HSV-1. The corresponding, fig'ttres for-HS V-2.were 6.7 jig/mi 
for BRL 39123 and 0.9 u,g7mr for ACV'.' Several other clinical 
isolates have bcerf-testcd in addition to the laboratory strains 
«|HSy : l JHFEM) and HSV-2 (MS) (data not shown).' The 
=frCw.s were in good agreement with those quoted above. In 
WvtruS> yield reduction- assays," 13RL"39123 'was" thus more " 
^potent than ACV against HSV-1 strains IP = 0.05) and of 
Jjequal activity against HSV^2 strains (l> = 0.17). 
jjf In subsequent experiments the effect of varying the time of 
jjcontacr between the. test compounds and cell monolayers 
infected with HSV-'l and HSV-2 was investigated. MRC-5 
•XJce'ls infected with HSV-2 (MS) were exposed to BRL 39123 
; ^iind ACV at 30 u.g/ml for various lengths of time beginning 2 
■r= h after infection, and cell-free virus titers were measured 25 
'j=4h after infection (Table 4). Brief treatment with BRL 39123. 
pyfor example between 2 and 6 h after infection, resulted in a 
^considerably lower virus yield than equivalent treatment 
" = jwith ACV. The continuous presence of ACV was required fb 




0 0.03 0.3 3 30 ' 'o 0.03 0.3 3 30 - 
Compound concentration Compound concentration 

_ (jtg/ml) (/tg/ml) 

FIG. 2. Inhibition of replication of clinical isolates of I ISV-1 and 
HSV-2 hy the vims yield (eduction itssavin MKC-5 cells". Symbols: ^ 
O. liKl. 39123: O. ACV: •. virus conhol yield. The MOIs weie 0.9 
ITU per cell for I ISV-1 and 0.4 ITU pereeH rorllSV-2. Nucleoside 
analogs were added 1 h after virus infection, and culture superna- 
tant were harvested 24 !i after infection. 

. V: • • -■/■ 



TABLK 4. Effect of duration of treatment on the inhibition of.' 
HSV-2 (MS) replication in MRC-5 cells 
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replaced at various limes w.iihYre-.h assav medium. " 
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achieve maximum reduction in virus yield, whereas this was 
attained after 5 h of incubation with BRL 39123. Similar 
results were obtained with HSV-1 in MRC-5 cells. 

MRC-5 cells infectedwitfi HSV-2 were treated with BRL 
39123 and ACV for 18 h after infection, and thereafter 
incubation was continued in the absence of the compounds. 
The amount of virus produced by these cultures was mea- 
sured for up td 6 days (Fig. 3). After the removal of BRL 
39123 at 3 u.g/ml. the infectfvity tilers of supernfitants from 
these cultures declined. In contrast, the amount of virus 
produced by infected eel-Is after treatment for 18 h with ACV 
at 30 u.g/ml rapidly increased to give levels similar to those 
released by untreated cells. Persistent antiviral activity in 
MRC-5 cells was observed with concentrations of BRL 
39123 us low- as 1 U-g/ml. Furthermore, persistent antiviral 
activity of BRL 39123 was also observed in Vero cells 
infected with HSV-1 and HSV-2: although the effect was not 
as great as that described for MRC-5 cells (data not shown). 

Cytotoxicity. No 'morphological abnormalities were ob- 
served in uninfected, established cell monolayers treated 
with either BRL 39123 or ACV at KM) u.g/ml during the 
plaque reduction assays. However, to determine whether 
tell replication was adversely affected by these guanine 
derivatives, subconfhient monolayers of MRC-5 cells were 
grown in 24-well plates for 72 h with various concentrations 
of -either BRL 39123,0k ACV. At KM) u.g'ml. neither com- 
pound significantly affected cell proliferation. At 300 u-g'ml. 




Time atter infection (days) 



FIG. 3. Duration of antiviral aetivitv aftei 18-h treatment of 
MKC-5 cells infected with I ISV-2'.(MS). Svmbols: O, URL 39)23; 
(J. ACV; •. untreated vims control. The concentrations of HRI. 
39123 and ACV were 3 and 30 wi/mt. respectively. The MOI was 0.7 
ITU' per cell. Compounds were, added 1 h after infection and 
replaced IK h later with fresh assay medium. InlVartivily tilers of 
culture siipernalants collected at l he times indicated were measured. 
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t both compounds were signili'ciintl^diircrcnt from She control 

• {/>-< 0.05), ar|d BRL 39123 was more inhibitory than ACV (P 
< 0:05). The mean numbers of population doublings in 

• cultures treated at. 300 fig/ml were 2 .3^*0 r BRL .39123 and 3.0 
■for ACV. compared with 3.2 for" control cultures. 

| ' •DISCUSSION. • , * ' , - t 

■BRL. 39123\isa selective inhibitor of herpesvirus replica- 
tion, as demonstrated by the wide separation between the 
; concentration \which a fleeted v virus replication arid thsit 
which affected cell proliferation. Our'rcsults show that. BRL 
39123 was activc.against herpesviruses expressing thymidine 
kinase, which implies- that fyRL 39123. like ACV. is con- 
verted- by this enzymp'to. the monophosphate. Information 
on the biochemical mod.e of action of BRL 39123 is currently 
being obtained. L,ars.son ct al. (15) recently reportedthat this 
compound is a substrate with higti , affinity for the viral 
thymidine kinase and a potent inhibitor of viral DNA syn- 
thesis. " " ^ ' • 
, We used two methods l-o obtain information on the' rekitrve 
potency and properties of B,RL 39123 and ACV. the plaque 
reduction assay sind.Jhe virus yield reduction assay (6). The' 
' results" of plaque reduction assays indicate that BRL 39123 
and ACV;have a similar spec f rum of activity but that there 
are differcna^s in relative potency.' Our independent assess- ■ 
mjent of the properties of BRL 39123 is in accord with that of 
ilrthers (15. 16. 24) and. shows that Ihe^compound is a potent' 
^Inhibitor of HSV-l.and HSV-2. In addition, we report that ' 
BRL 39123 is 'active against VZV. In plague reduction 
'assays against a range of clinical Isolates. BRL 39123 was 
activcMhan ACV against HSV-1 and HSV-2, of equal 
sletivit j>--;igsiinst VZV, and Uctivc against three veterinary 
yruscs. BHV-2. EHV-1. and-FHV-1, As reported prcvi'- 
fi^sl/ (15. ]A. 24). our results indicate that in plaque .reduc- 
tion as,says BRL 39123 is less ;active 'against rfSV-2 than 
RSV-^MacCoss ct al. (16). however. rcportc"d'5(Ktf effee-. 
Sye doses of 25 to 50 (juM for HSV-1 and 200 (xM for HSV-2. 
which are' mucrrhighcr than our values and those of others _ 
|4S. 24). The reason for this discrepancy is unclear. 
yjAjCV inhibits EBVJDNA replication in P3HR-1 cells and 
pjjuces the percentage of cells expressing capsid antigen (5). 
<3ur observations suggest that the,cxpre'ssion of N EBV capsid 
sWftigen wsis equally susceptible to inhibition by BRL 39123 
and ACV. In accord with the results ofTippie ct al, (24). we 
also found that-BRL 39123 had limited activity against CMV.' 
In contrast. DHPG, which is structurally related to BRL 
39123, is very active against CMV (4. 17). The 1 mechanism of 
activity ofDHPG against CMV is poorly understood since 
CMV is not known ^ express thymidine kinase, but il has ., 
been suggested .that si" cell enzyme coul.d perform the initial 
phosphorylation ofDHPG (3). Whatever the'rnechsmism of 
action of DHPG against CMV, it does not appear Hi be the 
same as thsit of BRL 39123. ' .• 

There was no evidence of intrinsic resistance to BRL. • 
39123 among the clinical strains, of" HSV or VZV tested^ 
which were from several sources. Similar findings have been' 
reported Tor ACV (2, K), However, it was noted that BRL 
33123, inhibited an ACV-resistaht strain of HSV-1 . 
C1(1()1)P ; C<, which carrieVa mutation in the DNA polymer- 
ase gene. This suggests that either the two compounds 
interact with the DNA polymerase at dill'ereni sites or that 
the affinity of the enzyme for BRL 39123 differs from fhatfor 
ACV. 

In virus yield reduction assays under conditions of rcla- 
lively.high multiplicity of infection (MOD (about 1 PFU per 



MRUS ACTIVITY OP JiKL 39123 IN Cl;i:j'. cLfl_TDR!-:'. 1241 

cell), it was observed that BRL 39123 was more' activc.lhan 
■ AC.V sigainst" HSV-1 • strains and .equally sictive agajnst 
HSV-2 strains. .Results from yfc'ld reduction assays thus 
change the assessment, of tfie relative potency of these-two 
compounds compsircd with* data Witsiined by plaque fedue- 
tiorr assays. Two important' differenced between .the" -test* 

- concern the MOI sind the, nature of the end'poinf.a low virus 
,'chsillenge wsts\iscd in the 'plsiqu.c reduction. assay. -whereas • 
' cells Were infecxed at a high MOI in the vinfc yieWVeduction 

sissay.'smd in the hitter assa-y in-fectious virus production was 
measured rather than plaque formation. Antiviral agents arc- 
often rsmked •stccordirtg'lo' their performance in plaque re-' 

,- dt«c?idrr les>s (2. J), but 'it may be of greater relevance to .. 
chcmotherapy-.toJesl their ability to inhibit thcjirod/tjtrtioh of 
infectious virus, sis in'the-viru's yield reduction ass^y. 

Two "further interesting phenornensi emerged during our 
investigations o'f the activity^ of BRL- 394.23 against HSV." 
First, msiximum inhibition of virus replication was achieved 
following compsiratively short trcatmenf with) BRL -39123. ; . 
.whereas the presence of ACV was required throughout the 
incubation period io obtain The same- in.hrtiitr.on. SeC.ond. 
Vmcc inhibition of virus -replication v»s achieved by treat- 
ment with BRL 39123." virus replication remsiincd depressed , 
for long periods sifter extracellular compound had been 
. removed from the" cultures, fh'contrsis't. virus replication 
* rapidly resumed after rcmoysil of e\rruce1luraY ACV. These 
two findings m;iy„ reflect the efficient trapping of the phos- 
phorytsited form' of BR-L 39123 in the infected cell. -In, 
siddition, BRL .39.123 may he .phosphoxykitcd more rstni^fly 
than ACV, and thip- might account for the fusicr^generation 
of the'sintiviral start in cultures treated with" B'RL 3912*. For 
exsimple.yField e(v;il. (-10) found. that in 'cr-tide extracts of. 
'HeLsi ce/lsjnfected with HSV-1. tht rale of phosphorylation 
"of DHPfjNwsrs muqh fasler;.than that of ACV. 
' Our reMilts concerning the persistent sictivity of" BRL 
3.9123 sire similar to those of Cheng e! al. (4). who found that 
treatment of HS V-1-inl'ected cultures with DHPG up to # h 
sifter infection wsis sis effective us, having ;he compound- 
present throughout the incubation pericid. ft was alsxi shown 
(21) that; DHPG .triphosphate .in HS V-2-infected colls "had 
gresiter sts"ibi!ity' tfi.in ACV triphosphate. A similar trapping . 
.mechanism- has been 1 pVoposed. for buciclovir |(A > )-9-(3.4- 
dihydroxybutybgnstninc! IV5)". If also true for BRL. 3.9123. 
this could be clinically sidvsmtageous' when a drug is rapidly 
removed Ibim the 1 " circiilsition or site of sidminisiration: 
effective tresitment \vith BRL 3V123 may not be. dependent ** 

; on nirtintebsincc of antiviral drug concentrations in the 
bloodstream. * ' . , 

a(:kn()\vi.i:ik;mkn1.s 1 " v 
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We studied the susceptibility of human herpesvirus 8 (HHV-8) to a number of antiherpesvirus agents. The 
acyclic nucleoside phosphonate (ANP) analogs cidofovir and HP MP A [(S)-l-(3-hydroxy-2-phosphonylmeth- 
oxypropyl)adenine] effected potent inhibition of HHV-8 DNA synthesis, with 50% effective concentrations 
(EC S(> ) of 6.3 and 0.6 y.M, respectively. Adefovir, an ANP with both anti retrovirus and antiherpesvirus activity, 
blocked HHV-8 DNA replication at a fourfold-lower concentration than did foscarnet (EC S „ of 39 and 177 u.M, 
respectively). The most potent inhibitory effect was obtained with the N-7-substituted nucleoside analog S2242 
(EC 5() , 0.11 p.M). The nucleoside analogs acyclovir, penciclovir, H2G {(#)-9-[4-hydroxy-2-(hydroxymethyl) 
butyl] guanine}, and brivudine had weak to moderate effects (EC S0 of >75, 43, 42, and 24 u.M, respectively, and 
EC 9() of >75 uJVI), whereas ganciclovir elicited pronounced anti-HHV-8 activity (EC 30 , 8.9 pJVl). 



Recently a novel virus, Kaposi's sarcoma (KS)-associated 
herpesvirus, or human herpesvirus 8 (HHV-8). was discovered 
in an AIDS-KS lesion (3). HHV-8 is a gamma herpesvirus 
related to herpesvirus saimiri. HHV-8 sequences are detected 
in nearly all KS lesions (human immunodeficiency virus [HIV] 
related and unrelated) examined so far. Also, serological stud- 
ies showed evidence that HHV-8 is specifically associated with 
KS (6). In addition, the virus is associated with a rare B-cell 
primary effusion (body cavity-based) lymphoma and some 
forms of Castleman's disease (2, 12). 

HHV-8 replicates in mononuclear cells (5), and lytic infec- 
tion in the KS lesion appears to occur only in a restricted 
number of cells of the KS lesion (21). Therefore, inhibition of 
the lytic cycle of HHV-8 may be expected to have little impact 
on the evolution of established KS. However, after the initial 
infection with HHV-8 the virus must replicate, at least m the 
immunodeficient host, thus amplifying the viral load in the 
body. It is thus conceivable that if (i) one can block the expan- 
sion of the HHV-8 population (this may be shortly after infec- 
tion or at the time that the immunosuppression is sufficiently 
profound) and (ii) HHV-8 is indeed the etiological factor in 
KS and primary effusion lymphoma, then the load of HHV-8 
may be too low to cause HHV-8-related malignancies or the 
risk of developing these malignancies may at least be reduced. 
From this perspective it is thus important to detect HHV-8 
positivity as soon as possible following the initial infection and 
to start anti-HHV-8 therapy promptly with an effective, non- 
toxic compound. Alternatively, as suggested by Zhong et al. 
(21), if latent viral infection drives the proliferation of spindle 
cells in KS and if this stimulus is not sustained or limited by 
apoptosis, growth of the lesion would depend on the recruit- 
ment of newly infected cells. 

Morfeldt and Torssander (10) observed that of five patients 
with HIV-associated KS, three went into long-term remission 
following foscarnet treatment. However, factors other than 
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foscarnet may have influenced regression of KS. No follow-up 
study has been published. In a recent study it was found that 
HHV-8 DNA was not cleared from the peripheral blood 
mononuclear cells in five patients under foscarnet and/or gan- 
ciclovir (GCV) treatment (8). From a retrospective study of a 
large series of AIDS patients, it was concluded that the risk for 
KS was slightly increased with acyclovir (ACV) use. minimally 
affected with GCV use, and significantly decreased (P < 0.001) 
following foscarnet treatment (9). Some decrease in the risk of 
KS with GCV, but not ACV, was reported by Glesby et al. (7). 
It thus seems mandatory to collect information on the suscep- 
tibility of HHV-8 to existing antiviral drugs. This study not only 
may have a clinical impact on the therapy of HHV-8-associated 
lesions but also may provide deeper insight into the mode of 
replication of this virus. 

We here examined the effects of different antiherpes mole- 
cules on the replication of HHV-8 in the 12-Otetradecanovl- 
phorbol-13-acetate (TPA)-inducible HHV-8-containing 
BCBL-1 cell line (18). Exponentially growing BCBL-1 cells 
(NIH AIDS Research & Reference Reagent Program) were 
seeded at a density of 300,000 cells/ml in the absence or pres- 
ence of 30 ng of the tumor promoter TP A (Sigma) per ml. 
Cultures were incubated with the different antiviral drugs for 7 
days (5 ml of fresh medium containing TPA and antivirals was 
added at day 4), at which time total cellular DNA was ex- 
tracted. The origin of the compounds is as described previously 
(1). Ten micrograms of denaturated total cellular DNA of 
drug-treated BCBL-1 and control cells were blotted onto 
a nylon membrane (Hybond-N. Amersham) and UV-cross- 
linked, after which prehybridization was carried out for 1 h at 
42°C. The probe was labeled with digoxigenin-dUTP in a PCR; 
the 5'-to-3' primer sequence was AGC CGA AAG GAT TCC 
ACC ATT and TCC GTG TTG TCT ACG TCC AGA, de- 
limiting a 213-bp sequence within the viral capsid antigen re- 
gion. The probe was gel purified, and hybridization was carried 
out for 18 h at 42°C with 30 ng of the digoxigenm-1 1 -dUTP 
labeled probe per ml. The membrane was washed at hich 
stringency (2x SSC (lx SSC is 0.15 M NaCl plus 0.015 M 
sodium citrate]-0 \ % sodium dodecyl sulfate) for 10 min at 
room temperature followed by two washes of 15 min each in 
0 IX SSC-0.17o sodium dodecyl sulfate at 65°C. After incuba- 
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TABLE 1. Inhibitory effects of selected compounds 
on HHV-8 replication" 



ACV 

GCV 

PCV 

BVDU 

S2242 

HPMPC 

HPMPA 

PMEA 

PFA'' 

H2G 



2:690 

354 ± 171 
132 ± 54 



0.11 ± 0.01 
6.3 ± 1.8 
0.6 ± 0.9 

39 ± 30 
177 ± 57 

42 ± 31 



0.6 r 0.5 
18 ± 9 

2.6 ± 1.6 
90 ± 0.0 



lues for 



dependent experimi 



" EC 50 and EC,,,, concentrations required to reduce HHV-S DNA sy 
TPA-stimulated BCBL-1 cells by 50% and 90%. respectively. 

'' CC W , 50% cytotoxic concentrations (concentrations required to r< 
growth ot un induced BCBL-1 cells bv 50% [as evaluated over a 4-day 

'' SI, selectivity index (ratio of CC W to EC 5<1 ). 

'• PFA, foscarnct. 



tion in blocking buffer, the filter was incubated with an anti- 
digoxigenin antibody and conjugated with alkaline phospha- 
tase (anti-digoxigenin-AP and Fab fragments; Boehringer 
Mannheim), and detection of chemiluminescence was per- 
formed by standard methods. Because the antivirals (see 
above) had little or no effect on the signal in noninduced cells 
(only 1 to 3% of the BCBL-1 cells spontaneously enter the lytic 
cycle [10]), the background signal from the uninduced cultures 
was subtracted from that of the TPA-induced cultures and the 
50% and 90% effective concentrations (EC 50 and EC 90 , re- 
spectively) were calculated by extrapolation from graphic 
plots. 

The HHV-8 DNA content was increased on average 13.3 ± 
2.5-fold (mean ± standard deviation) in the TPA-treated 
cultures compared to uninduced control cultures. As can be 
derived from Table 1, cidofovir {HPMPC [(S)-l-(3-hydroxy-2- 
phosphonylmethoxypropyl)cytosine]} and HPMPA [(5)-9-(3- 
hvdroxv-2-phosphonylmethoxvpropyl)adenine] emerged as 
potent 'inhibitors of HHV-8 DNA replication, with EC 50 of 
6.3 ±1.8 and 0.6 ± 0.9 p,M, respectively, and reduced the 
growth of uninduced BCBL-1 cells by 50% only at concen- 
trations of 340 and 190 u-M, respectively, resulting in selectiv- 
ity indices of 54 and 290. Ninety percent inhibition of HHV-8 
DNA synthesis was achieved at 18 u-M (5 u-g/ml) cidofovir and 
2.6 u.M HPMPA. Figure 1 depicts the dose-dependent inhib- 
ition of HHV-8 DNA synthesis by cidofovir as well as the 
effect of the compound on the growth of uninduced cells. 
The HPMPA congener adefovir {PMEA [9-(2-phosphonyl- 
methoxyethyl)adenine]}, a compound with both broad-spec- 
trum antiretrovirus and antiherpesvirus activity, also caused 
marked inhibition of HHV-8 DNA synthesis (EC 50 , 39 = 30 
|xM). In fact, adefovir proved 4.4-fold-more potent as an anti- 
HHV-S agent than foscarnet (EC, 0 , 177 ± 57.U.M). Adefovir 
caused 90% inhibition of HHV-8 DNA synthesis at a concen- 
tration of 90 u-M, whereas foscarnet did so only at concentra- 
tions of >449 u.M. ACV, penciclovir (PCV), brivudine (BVDU), 
and H ; G {(/?)-9-[4-hydroxy-2-(hydroxymcthyl)butyl]gua- 
nine}, compounds that depend for their activation on a virus- 
encoded thymidine kinase (TK), had weak to moderate inhib- 
itory effects on the lytic replication of HHV-8 (EC,,, of >75, 
43. 24, and 42 |xM, respectively, and EC,,, of >75 u.M). Yet 
GCV conferred antiviral piotcction, with an EC S „ of 8.9 u.M 



(EC,,,,, 23 u-M). The novel nucleoside analog S2242 [(1,3- 
dihydroxy-2-propoxymcthyl)purine], which can be viewed as a 
6-dcoxy form of GCV with the acyclic side chain substituted at 
the N-7 rather than the N-9 position, emerged as the most 
potent anti-HHV-S compound of this series, with an EC 50 of 
0.1 1 ± 0.01 u.M and an EC y() of 0.6 ± 0.5 |xM. When cidofovir 
and GCV (=100 p_M) were added to the TPA-induced cell 
cultures for only a 72-h period, followed by extensive washing 
of the cultures, cidofovir still caused complete inhibition of 
HHV-8 DNA synthesis when evaluated 7 days after TP A in- 
duction. By contrast, under this experimental condition GCV 
lost all protective effect (EC 90 , >100 u.M) (data not shown). 
Very recently, Kedes and Ganem (10) reported on the anti- 
HHV-8 activity of ACV, GCV, foscarnet. and cidofovir. Anti- 
viral activities similar to those described in the present study 
for these four compounds were reported. 

We next studied the intracellular phosphorylation of ACV 
or BVDU over a 24-h period in BCBL-1 cells that had been 
either pretreated for 24 h with 30 ng of TPA per ml or left 
untreated and that received either 2 u.Ci of [8- 3 H]ACV/ml or 
0.3 u.Ci of [2-- , H]BVDU/ml. High-performance liquid chroma- 
tography analysis did not reveal major differences in the phos- 
phorylation of ACV m either the TPA-induced or uninduced 
cells (i.e., 1.4 and 2.0 pmol/10 6 cells of ACV monophosphate 
and 4.0 and 4.4 pmol/10 6 cells of ACV triphosphate m TPA- 
induced and uninduced cells, respectively). In contrast, ACV 
was efficiently phosphorylated to its mono-, di-, and triphos- 
phate forms in HSV-1 -infected Vero cells but not in mock- 
infected Vero cells (data not shown). TPA also did not induce 
major differences in the formation of BVDU mono-, di-, and 
triphosphate in BCBL-1 cells (i.e.. 42, 8.6, and 15.4 pmol/10 6 
cells and 28, 5.6, and 6.6 pmol/10 n cells for TPA-induced cul- 
tures and uninduced cultures, respectively). 

Cidofovir, a broad-spectrum anti-DNA virus agent that has 
recently been approved in the United States and Europe for 
the treatment of cytomegalovirus retinitis in AIDS patients 
(13), is an acyclic nucleoside phosphonate analog that does not 
depend on virus-encoded kinases to become antivirally active. 
In its diphosphorylated form, the compound selectively blocks 
the viral DNA polymerization process. The anti-HHV-S activ- 
ity of cidofovir reported here must depend on the selective 
inhibitory activity of diphosphorylated HPMPC against the 
HHV-8 DNA polymerase. HPMPA proved eightfold-more po- 
tent than cidofovir but has not been developed clinically. A 
unique characteristic of cidofovir is its long-lasting antiviral 
activity (14). In the clinical setting this feature translates into 
infrequent dosing (19). We also demonstrate here that cidofo- 
vir. but not GCV, retains marked anti-HHV-8 activity when 
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added to cell cultures for only a short period of time. High 
intracellular concentrations of the drug metabolites, even long 
after their levels in plasma drop below the EC S0 for virus 
replication, are responsible for this effect (13). Whereas cido- 
fovir is solely active against DNA viruses, adefovir is also a 
potent inhibitor of retrovirus and hepadnavirus replication 
(13). The oral prodrug form of PMEA, bis(pivaloylmethyl) 
ester (adefovir dipivoxil), is currently undergoing phase II/III 
trials for anti-HIV and anti-hepatitis B virus activity. Like 
foscarnet, adefovir inhibits both HIV and HHV-8. However, 
adefovir inhibits the replication of HHV-8 at a threefold-lower 
concentration than does foscarnet and causes 90% inhibition 
of HHV-8 DNA synthesis at a concentration of 90 uM, 
whereas foscarnet does so only at £449 p.M. With respect to 
their antiherpesvirus activities, adefovir and foscarnet show a 
cross-resistance pattern (20). This suggests that both com- 
pounds have similarities in their mechanisms of action. This 
may be particularly interesting in view of the reported benefi- 
cial effect of foscarnet on KS (9, 11). The concentrations of 
adefovir that are reached in plasma are in the range of the 
EC S0 for inhibition of KS-associated herpesvirus replication 
(4). Anti-HIV therapy with adefovir could thus possiblv serve 
as an anti-HHV-8 prophylaxis. 

Neither ACV, PCV, BVDU, nor H2G, molecules that de- 
pend for their activation on a viral TK, have pronounced anti- 
HHV-8 activity. GCV proved more effective, with a three- to 
eightfold-lower EC 50 . We were not able, by using the system 
employed, to detect specific phosphorylation of ACV or 
BVDTj in the TPA-induced BCBL-1 cells. This, together with 
the weak activity of the compounds against HHV-8, may sug- 
gest that these molecules are weak substrates for the HHV-8- 
encoded TK. Alternatively, or in addition, the triphosphates 
may be weak inhibitors of the viral DNA polymerase. 

S2242 is a novel nucleoside analog that potently inhibits the 
replication of all herpesviruses tested, including TK-deficient 
strains (15). The very potent anti-HHV-8 activity of S2242 (0.1 
M.M) must be related to (i) the fact that the compound is 
efficiently phosphorylated in lymphoid cells (17) and (ii) pos- 
sible potent inhibition of HHV-8 DNA polymerase by the 
S2242 triphosphate metabolite. Although the compound has a 
rather pronounced cytostatic effect on lymphoid cells, it was 
very well tolerated and proved highly effective in the treatment 
of a variety of herpesvirus infections in several animal models 
(16). 

In conclusion, three molecules that are currently in clinical 
use (cidofovir, ganciclovir, and foscarnet) or under clinical 
study (adefovir) have marked anti-HHV-8 activity. Moreover, 
cidofovir has long-lasting activity against HHV-8. Finally, a 
molecule like adefovir that is used as an anti-HIV agent and 
that, in addition, has good anti-HHV-8 activity, may be partic- 
ularly interesting for prophylactic use in the HIV-infected pop- 
ulation that is at risk for acquiring HHV-8 infection. 

This study was supported by a grant from the "Fonds voor Genees- 
kundig Wetenschappelijk Onderzoek (FGWO)" (grant 3.0180.95). J. 
Neyts is a post-doctoral research assistant for the Flemish "Fonds voor 
Wetenschappelijk Onderzoek (FWO)." 

We thank Miette Stuyck for excellent assistance with the experi- 
ments and Chnstiane Callebaut and Inge Aerts for fine editorial help. 

REFERENCES 

1 Andrei. C R. Snoeck, D. Revmen, C. Liesnard, P. Goubau, J. Desmvter. and 
E. De Clercq. 1995. Comparative activity of selected antiviral compounds 



against clinical isolates of vancella-zostcr virus. Eur. J. Clin. Microbial. 
Infect. Dis. 14:318-328. 

2. Cesarman, E., R. G. Nador, K. Aozasa, G. Dclsol, J. W. Said, and D. M. 
Knowles. 1996. Kaposi's sarcoma-associated herpesvirus in non-AIDS re- 
lated lymphomas occurring m body cavities. Am. J. Pathol. 149:53-57 

3. Chang, Y.. E. Cesarman, M. S. Pessin, F. Lee, J. Culpeowr. n. M. Knowles. 

AIDS-associated Kaposi's sarcoma. Science 266:1865-1869. ' 

4. Cundy, K. C, P. Barditch-Crovo, R. E. Walker, A. C. Collier, I). Ending, J. 
Toole, and H. S. Jaffe. 1995. Clinical pharmacokinetics of adefovir in human 
immunodeficiency virus type 1-infected patients. Antimicrob Agents Che- 
mother. 39:2401-2405. 

5. Decker, L. L., P. Shankar, G. Khan, R. B. Freeman, B. J. Dezube, J. Lieber- 
man, and D. A. Thorlev-Lawson. 1996. Kaposi sarcoma-associated herpes- 
virus (KSHV) , s present as an intact latent genome in KS tissue but repli- 
cates in the peripheral blood mononuclear cells of KS patients J Exp Med 
184:283-288. 

6. Gao, S. J., L. Kingsles D. R. Hoover, T. J. Spira, C. R. Rinaldo, A. Saah, J. 
Phair, R. Betels, P. Parry, Y. Chang, and P. S. Moore. 1996 Seroconversion 
to antibodies against Kaposi's sarcoma-associated herpesvirus-related latent 
nuclear antigens before the development of Kaposi's sarcoma N. En°l 
J Med. 335:233-241 °" 

7. Glesby, M. J., D. R. Hoover, S. Weng, N. M. H. Graham, J. P. Phair, R. 
Detels, M. Ho, and A. J. Saan. 1996 Use of antiherpcs drugs and the risk of 
Kaposi's sarcoma: data from the Multicenter AIDS Cohort Studv J Infect 
Dis. 173:1477-1480. 

8. Humphrey, R. W., T. R. O'Brien, F. M. Newcomb, H. Nishihara, K. M. 
Wyvill, G. A. Ramos, M. W. Saville, J. J. Goederi, S. E. Straus, and R. 
Yarchoan. 1996. Kaposi's sarcoma (KS)-associated herpesvirus-like DNA 
sequences in peripheral blood mononuclear cells. Blood 88:297-301 

9. Jones, J. L., D. L. Hanson, S. Y. Chu, J. W. Ward, and H. W. Jaffe. 1995 
AIDS associated Kaposi's sarcoma. Science 267:1078. 

10. Kedes, D. H., and D. Ganem. 1997. Sensitivity of Kaposi's sarcoma-associ- 
ated herpesvirus replication to antiviral drugs. J Clin Invest 99:2082-20^6. 

11. Morfeldt, L., and J. Torssander. 1994. Long-term remission of Kaposi's 
sarcoma following foscarnet treatment in HIV-infected patients. Scand 
J Infect. Dis. 26:749-752. 

12. Nador, R. G., E. Cesarman, A. Chadburn, D. B. Dawson, M. Q. Ansari, J. 
Said, and D. M. Knowles. 1996 Primary effusion lymphoma: a distinct 
clmicopathologic entity associated with the Kaposi's sarcoma-associated her- 
pes virus. Blood 88:645-656. 

13. Naesens, L., R. Snoeck, G. Andrei, J. Balzarini, J. Neyts, and E. De Clercq. 
1997. HPMPC (cidofovir), PMEA (adefovir) and related acyclic nucleoside 
phosphonate analogues: a review of their pharmacology and clinical poten- 
tial in the treatment of viral infections. Antivir Chem Chemother. 8:1-23. 

14 Neyts, J., R. Snoeck, J. Balzarini, and E. De Clercq. 1991 Particular char- 
acteristics of the ants-human cytomegalovirus activity of (S)-l-(3-hydroxy-2- 
phosphonylmethoxypropvl)cy-tosine (HPMPC) in vitro Antivir Res 16-41- 
52. 

15. Neyts, J., G. Andrei, R. Snoeck, G. Jahne, I. Winkler, M. Helsberg, J. 
Balzarini, and E. De Clercq. 1994. The N-7-substituted acyclic nucleoside 
analog 2-amino-7-[(l,3-dihydroxy-2-propoxy)methyl]purme , s a potent and 
selective inhibitor of herpesvirus replication. Antimicrob Agents Chemo- 
ther. 38:2710-2716. 

16. Neyts, J., G. Jahne, G. Andrei, R. Snoeck, I. Winkler, and E. De Clercq. 1995. 
In vivo antiherpesvirus activity of N-7-substituted acyclic nucleoside analog 
2-ammo-7-[(l,3-dihydroxy-2-propoxy)methyl]punne. Antimicrob Agents 
Chemother. 39:56-60. 

17. Neyts, J., J. Balzarini, G. Andrei, Z. Chaoyong, R. Snoeck, A. Zimmerman, 
T. Mertens, A. Karlsson, and E. De Clercq. Intracellular metabolism of the 
N-7-substituted acyclic nucleoside analog 2-amino-7-[(l,3-dihydroxy-2-prop- 
oxymethyl)]-purine, a potent inhibitor of herpesvirus replication Mol Phar- 

18 Renne, R., W. Zhong, B. Herndier, M. McGrath, N. Abbey, D. Kedes, and D. 
Ganem. 1996. Lytic growth of Kaposi's sarcoma-associated herpesvirus (hu- 
man herpesvirus 8) m culture Nat. Med. 2:342-346 

19 Snoeck, R„ G. Andrei, M. Gerard, A. Silverman, A. Hedderman. J. Balzarini, 
C. Sadzot-Delvauj., G. Tricot, N. Clumeck, and E. De Clercq. 1994 Success- 
ful treatment of progressive mucocutaneous infection due to acyclovir- and 
foscarnet-resistant herpes simplex virus with (S)-l-(3-hydroxy-2-phosphonvl- 
methoxypropy!)cytosine (HPMPC). Clin. Infect Dis. 18:570-578 

20. Snoeck, R., G. Andrei, and E. De Clercq. 1996. Phenotypic resistance of 
herpes simplex virus type 1 strains selected in vitro with antiviral compounds 
and combination therapy Antivir Chem. Chemother. 7:270-275 

21 Zhong, W., H. Wang, B. Herndier, and D. Ganem. 1996 Restricted expres- 
sion of Kaposi sarcoma-associated herpesvirus (human herpesvirus 8) genes 
in Kaposi Proc Natl Acad Sci. USA 93:6641-6646 



